Mycobacterium vanbaalenii PYR-1 is capable of degrading a wide range of high-molecular-weight polycyclic aromatic hydrocarbons (PAHs), including fluoranthene. We used a combination of metabolomic, genomic, and proteomic technologies to investigate fluoranthene degradation in this strain. Thirty-seven fluoranthene metabolites including potential isomers were isolated from the culture medium and analyzed by high-performance liquid chromatography, gas chromatography-mass spectrometry, and UV-visible absorption. Total proteins were separated by one-dimensional gel and analyzed by liquid chromatography-tandem mass spectrometry in conjunction with the M. vanbaalenii PYR-1 genome sequence (http://jgi.doe.gov), which resulted in the identification of 1,122 proteins. Among them, 53 enzymes were determined to be likely involved in fluoranthene degradation. We integrated the metabolic information with the genomic and proteomic results and proposed pathways for the degradation of fluoranthene. According to our hypothesis, the oxidation of fluoranthene is initiated by dioxygenation at the C-1,2, C-2,3, and C-7,8 positions. The C-1,2 and C-2,3 dioxygenation routes degrade fluoranthene via fluorene-type metabolites, whereas the C-7,8 routes oxidize fluoranthene via acenaphthylene-type metabolites. The major site of dioxygenation is the C-2,3 dioxygenation route, which consists of 18 enzymatic steps via 9-fluorenone-1-carboxylic acid and phthalate with the initial ring-hydroxylating oxygenase, NidA3B3, oxidizing fluoranthene to fluoranthene cis-2,3-dihydrodiol. Nonspecific monooxygenation of fluoranthene with subsequent O methylation of dihydroxyfluoranthene also occurs as a detoxification reaction.
Fluoranthene is a member of the nonalternant polycyclic aromatic hydrocarbon (PAH) class that contains a five-member ring condensed with naphthalene and benzene rings. Like other PAHs, fluoranthene is formed during the incomplete combustion of fossil fuels or via high-temperature pyrolysis of organic material (10, 63) . Human exposure to fluoranthene is from inhalation of particulates in air, tobacco smoke, or ingestion from contaminated food or water (46) . Fluoranthene is commonly identified in complex mixtures of PAHs in soils, surface waters, and sediments (10) .
Fluoranthene is genotoxic (43, 56, 65) and can potentiate the carcinogenicity of benzo [a] pyrene (48) . Acute and subchronic exposure of fluoranthene through oral administration to laboratory animals affects several toxicological endpoints that include decreased body weight, increased liver weight, and decreased blood chemistry tests. Fluoranthene is also capable of eliciting neurobehavioral toxicity (49) , suppressing the immune system (64) , affecting human lung airway anion transport (17) , and inhibiting the photosynthetic processes in pea plants and lichens (33, 34) . Fluoranthene has been used as a model compound for studies of PAH biodegradation because it is ubiquitous in the environment; cytotoxic; genotoxic; and structurally related to fluorene, acenaphthylene, carbazole, dibenzothiophene, dibenzofuran, and dibenzodioxin (5, 21) . Studies on PAH-contaminated soil have shown that a number of bacterial isolates can degrade fluoranthene, especially bacteria in the genera Rhodococcus and Mycobacterium (1, 2, 16, 25, 36, 47, 59, 60) .
Mycobacterium vanbaalenii PYR-1 (27, 31) , originally isolated from oil-contaminated estuarine sediment, was the first bacterium reported to degrade high-molecular-weight PAHs (12) . Since the strain mineralizes or degrades phenanthrene, anthracene, fluoranthene, pyrene, benzo[a]pyrene, benz[a]-anthracene, and 7,12-dimethylbenz[a]anthracene, it has been extensively studied as a prototype organism to establish the biochemical pathway of PAH metabolism (13, 23, (39) (40) (41) (42) .
The bacterial degradation pathways currently proposed indicate that the oxidation of fluoranthene is initiated by dioxygenation at the C-1,2, C-2,3, and C-7,8 positions (26, 38, 47, 52) . Initially in M. vanbaalenii PYR-1, dioxygenation was reported to occur at the C-1,2 or C-7,8 position of fluoranthene, producing 9-fluorenone and acenaphthylene-1(2H)-one, respectively (23, 26) . Dioxygenation at C-2,3 also occurs in strain PYR-1 since recent molecular cloning and expression studies of NidA3B3, which codes for an initial ring-hydroxylating oxygenase, showed the transformation of fluoranthene to fluoranthene cis-2,3-dihydrodiol (28) . In Mycobacterium sp. strain AP1, the C-7,8 dioxygenation pathway was proposed, followed by further degradation to produce naphthalene-1,8-dicarboxylic acid with subsequent metabolism to form 1,2,3-benzenetricarboxylic acid (38) . The 1,2,3-benzenetricarboxylic acid has also been reported to be formed by dioxygenation at the C-1,2 position by strain AP1 (38) . The C-2,3 dioxygenation route was demonstrated in Mycobacterium sp. strain AP1 (38) and Mycobacterium sp. strain KR20 (47) , in which (9E)-9-(carboxymethylene)-9H-fluorene-1-carboxylic acid was proposed via intradiol ring cleavage of the fluoranthene cis-2,3-dihydrodiol. In strain KR20, the 2,3-dihydrodiol is degraded to 1,2,3-benzenetricarboxylic acid via 9-fluorenone-1-carboxylic acid. Similar to Mycobacterium sp. strain AP1, the 1,2,3-benzenetricarboxylic acid is then decarboxylated to form phthalate, which is believed to be funneled into the central metabolism via the ␤-ketoadipate pathway (38) . Dioxygenation at the C-1,2 or C-7,8 position occurs in the gram-negative bacteria Sphingomonas sp. strain EPA505, Pseudomonas alcaligenes PA-10, and Alcaligenes denitrificans WW1, with a possible monooxygenation reaction, resulting in the production of monohydroxyfluoranthenes in Sphingomonas sp. strain LB126 (7, 54, 58, 62) . Despite these efforts, there are crucial gaps in the fluoranthene degradation pathway. For example, little is known about the enzymes and genes responsible for the degradation of fluoranthene in bacterial species. In addition, while there are multiple sites for mono-and dioxygenation of fluoranthene to occur, a limited number of metabolic intermediates have been identified.
In a previous study, we described the pyrene degradation pathway using proteomic and genomic analyses (29) . In the present study, with the recent release of the genome sequence for M. vanbaalenii PYR-1 (http://jgi.doe.gov), we attempt to provide a deeper understanding of the fluoranthene degradation pathways in this bacterium using metabolomic, genomic, and proteomic technologies. First, we identified fluoranthene metabolites. Second, we analyzed the genome and whole-cell proteome in relation to the degradation of fluoranthene. Finally, all of these findings were combined and integrated to elucidate the fluoranthene degradation pathway in M. vanbaalenii PYR-1.
MATERIALS AND METHODS
Bacterial strain, chemicals, and culture conditions. M. vanbaalenii PYR-1 (DSM 7251) was used in this study. Fluoranthene was purchased from SigmaAldrich (St. Louis, MO). Its purity (100%) was confirmed by gas chromatography-mass spectrometry (GC-MS). Cells were grown in 250-ml flasks containing 50 ml of phosphate-based minimal medium (30) supplemented with 0.5% sorbitol and incubated with shaking at 200 rpm for 5 days at 28°C. Fluoranthene was dissolved in dimethyl sulfoxide and added to the flasks (final concentration, 25 M) when the cultures reached an attenuance (at 600 nm) of approximately 1 with a 10-mm path length. The cells were induced three times by repeated additions of fluoranthene at 24-h intervals. The control cultures lacked fluoranthene. The induced cultures were further incubated for 6 h after the third induction. We used the same fluoranthene-induced cultures and media for both metabolite isolation and protein analysis. In biotransformation experiments with acenaphthylene or acenaphthene (Sigma-Aldrich), the culture and induction conditions were performed in the same manner described for fluoranthene.
Analytical methods. The neutral and acid-extractable metabolites of fluoranthene, acenaphthylene, and acenaphthene were isolated from the whole-cell cultures and processed as described previously (32) . The metabolites were analyzed and purified by reversed-phase high-performance liquid chromatography (HPLC; Hewlett Packard 1100 series with a Prodigy 5-m ODS-3 column); a linear gradient system of methanol-water-acetic acid at a flow rate of 1.0 ml min Ϫ1 was used. Samples were run on a linear gradient system of methanol (99%) with 1% acetic acid and water (99%) with 1% acetic acid beginning with 35% methanol, gradually increasing over a 40-min period to 95%, and held for 5 min. The UV absorbance was monitored at 254 nm.
Probe mass spectral analyses (direct exposure probe electron impact-mass spectrometry [DEP/EI-MS]) of the isolated components were performed on a Finnigan 7000 triple-quadrupole mass spectrometer (Thermo Finnigan, San Jose, CA), employing a Finnigan DEP with a wire-heating rate of 10 mA/s. Gas chromatography (GC)/EI-MS analyses of the trimethylsilyl (TMSi) derivatized (29) . Whole-cell proteome analysis of M. vanbaalenii PYR-1. The cells in the flasks from fluoranthene-induced and control cultures were harvested by centrifugation, and the cell pellets were washed twice with 50 mM Tris-HCl (pH 7.4). Protein extracts were prepared and subjected to one-dimensional (1D) sodium dodecyl sulfate-polyacrylamide gel electrophoresis (29) . Coomassie blue-stained gels were cut into 40 equal bands and robotically digested in gel using trypsin (ProGest; Genomic Solutions, Ann Arbor, MI). The resultant peptides were analyzed by nano liquid chromatography-tandem MS (LC-MS/MS) using an UltraPlus II LC system (Microtech, Vista, CA) and an LCQ Deca XP Plus (Thermo Finnigan, San Jose, CA) ion-trap tandem mass spectrometer. Product ion data were searched using the Mascot search engine (Matrix Science, London, United Kingdom) against the M. vanbaalenii PYR-1 genome database. The Mascot DAT files were collated and analyzed using ProteinTrack (6, 29) . The raw data were searched against a concatenated forward and reverse M. vanbaalenii PYR-1 protein database in order to determine false-discovery rate (FDR). The mass tolerances were 2.5 Da on parent m/z and 0.6 Da on product ion m/z. A fixed modification of carbamidomethyl on Cys and variable modifications of oxidized Met, N acetylation (protein N terminus) and pyro-Glu on glutamine were also used. Proteins with at least two peptides required a total Mascot score of 62 and only included the following: 1ϩ, peptides scoring 27 or greater; 2ϩ, peptides scoring 23 or greater; and 3ϩ, peptides scoring 25 or greater. Singlepeptide hits were treated separately and did not include any 1ϩ peptides; in addition, 2ϩ peptides had to score 46 or greater and 3ϩ peptides had to score 50 or greater. Based on the number of proteins matching to reversed protein hits, this yields ϳ1% protein FDR, where % FDR ϭ [(no. of reverse hits ϫ 2)/(no. of forward hits ϩ no. of reverse hits)] ϫ 100). This protein and peptide filtering process gives these low FDRs and is considerably more stringent than most literature reports.
Genome analysis.
Putative genes/open reading frames (ORFs) for proteins that might function in fluoranthene metabolism in M. vanbaalenii PYR-1 were identified from the genome (http://jgi.doe.gov), as described by Kim et al. (29) with slight modification. The list of predicted proteins was compared against a number of databases via BLASTP. The annotation of identified genes and ORFs, initially provided by the Joint Genome Institute (JGI), was manually revised based on functional information.
RESULTS
Analysis of metabolites of fluoranthene degradation. Previous studies have shown that M. vanbaalenii PYR-1 mineralizes up to 78% of added [3- 14 C]fluoranthene after 5 days of incubation (23) . In a separate study, 11 fluoranthene metabolites were identified (25, 26) . Using more sensitive GC-MS analysis of TMSi derivatized samples and an HPLC method, we updated the fluoranthene metabolic profile of M. vanbaalenii PYR-1 to a total of 37 metabolites, which includes potential isomers ( Fig. 1 and Table 1 ). Structures of the metabolites can be seen in Fig. 2 .
HPLC profiles of the neutral and acid ethyl acetate extraction fractions are presented in Fig. 1 . Each peak was collected and further analyzed by DEP/EI-MS and GC/EI-MS (Table 1) The major GC-MS compound of the peak with an R t of 31.76 was tentatively identified as 2-(methoxymethyl)-acenaphthylene-1-carboxylic acid (XIII) from the derivatized molecular weight of 312 (240 ϩ 72). A molecular ion at m/z 240 was observed by DEP/EI-MS. For the peak with an R t of 36.27, the major component had molecular weights of 248 by DEP/ EI-MS and 320 after addition of one TMSi. This is consistent The identification was based on the mass spectrum matching the mass spectrum in a reference library such as NIST. j The identification was based on a mass spectrum that contains ions that are characteristic of the proposed structure. These characteristic ions support the various moieties of the proposed structure.
k The identification was based on the mass spectrum containing the molecular ion and some fragment ions that are characteristic of some of the moieties of the proposed structure. The fragment ions are characteristic of the TMSi moieties. The main pieces of data to support our structure are the apparent molecular ion and the correct number of TMSi groups.
l Bold indicates the observed molecular ion. The molecular ion for 1,2,3-benzenetricarboxylic acid was not detected.
with 7-methoxy-8-hydroxyfluoranthene (III) (26 The HPLC chromatogram (Fig. 1B ) of the acidic fraction shows four peaks with R t s of 7.95, 20.39, 26.45, and 29.44 min, with a predominant peak at 26.45 min. The major compound of the peak with an R t of 7.95 min was identified as 1,2,3-benzenetricarboxylic acid (XXV), based on the DEP/EI-MS and GC/EI-MS data ( Table 1 ). The high-weight ion in the GC/EI-MS mass spectrum (m/z 411) is presumed to be [M-15] ϩ , with no [M ϩ ·] observed. The UV absorption spectrum was similar to that of 1,2,3-benzenetricarboxylic acid (37) (Fig. 1B) . DEP/EI-MS data of the peak with an R t of 20. . These data were consistent with 2-formylacenaphthylene-1-carboxylic acid (XV). The R t 29.44 peak did not yield useful DEP-MS data. The derivatized sample produced a mass spectrum indicative of a molecular weight of 370, with fragment ions consistent with TMSi groups. This is consistent with 9-hydroxy-9H-fluorene-1-carboxylic acid (XII) (26) .
GC-MS analysis of derivatized samples of the acidic and neutral fractions also identified isomeric structures of monohydroxyfluoranthene (I) (GC-MS R t s of 11.46 to 11.67), fluoranthene dihydrodiol (II) (GC-MS R t s of 11.31 to 13.13), methoxyhydroxyfluoranthene (IV) (GC-MS R t s of 12.01 to 13.96), and dihydroxyfluoranthene (V) (GC-MS R t s of 12.61 to 14.14) as minor metabolites (Table 1) . However, GC-MS data give no cis or trans stereospecific information for the dihydrodiols nor positional information about the hydroxyl-or methoxyl-group substituents (I, II, IV, and V). In metabolite II, all of the four possible dihydrodiol isomers showed similar mass spectra (Table 1) oxoacenaphthylen-1(2H)-ylidene)but-2-enoic acid (VII), and (2E,2ЈE)-2,2Ј-acenaphthylene-1,2-diylidenediacetic acid (VIII). They were tentatively identified based on different GC-MS properties, R t s (10.82, 13.06, and 13.27), and two TMSi moieties with a molecular weight of 410. We also confirmed 9-fluorenone-1-carboxylic acid (XI), 9-hydroxy-1-fluorene-carboxylic acid (XII), acenaphthylene-1(2H)-one (XVI), phthalic acid (XXVI), and benzoic acid (XXVII) by GC-MS and UV spectral properties (25, 26) .
In addition, we incubated M. vanbaalenii PYR-1 with acenaphthylene and acenaphthene to confirm the proposed fluoranthene degradation pathway, since some of the same metabolites were present in the neutral and acidic ethyl acetate extracts from fluoranthene metabolism. Table 2 lists the results of GC-MS analysis of the metabolites identified from acenaphthylene and acenaphthene degradation. The results for acenaphthylene-1,2-dihydrodiol (XX), 1,2-dihydroxyacenaphthylene, acenaphthoquinone (XXII), acenaphthylen-1(2H)-one (XVI), 1H,3H-benzo[de]isochromen-1-one (XIX), and 1,8-naphthalic anhydride (XXIV) were consistent with those shown for fluoranthene degradation (Table 1) (45, 50) .
Proteome analysis of M. vanbaalenii PYR-1. The whole-cell proteome was analyzed by 1D gel electrophoresis coupled with LC-MS/MS (Fig. 3) . By utilizing 1D LC-MS/MS, there is not the protein bias associated with 2D gel electrophoresis, which could result in the identification of a diverse range of proteins. The method is especially efficient for the identification of lowabundant, membrane-associated, small (Ͻ10 kDa) or large (Ͼ180 kDa) proteins and proteins with extreme pI values. The proteome analysis gave us a high-confidence identification of numerous genome-predicted proteins. We identified 1,008 and 913 proteins from control and fluoranthene-grown cells, respectively (see Table S1 in the supplemental material). After eliminating duplicate proteins, 1,122 unique gene products were identified.
Spectral counting was used to indicate protein abundance changes between the two samples (35) . Technical replicates show good correlation (data not shown). A calculation of the ratio of total peptides for a given protein between the two samples is merely a crude approximation of a change (fold). In order to eliminate experimental variation between the two sets of data, the sums of total peptides for all identified proteins in each lane were used for normalization. As such, 8,838 and 8,533 total peptides for the control and fluoranthene samples, respectively, were normalized with respect to the fluoranthene total, similar to the previous study with pyrene (29) . Comparison of identified proteins in this way revealed that 799 proteins were common to both samples and 209 and 114 proteins were only identified in the control and fluoranthene samples, respectively. When comparing estimated changes (fold), 123 proteins had increased in the level of synthesis in fluorantheneinduced cells (Table 3) : 47 proteins present in both samples were at least twofold more abundant, and 76 proteins, unique to the fluoranthene-induced sample, were more abundant. The identified proteins were grouped into different COG database categories (55) . As shown in Table 3 , these identified proteins were widely distributed across all the functional groups. The majority of proteins were classified as involved in cell metabolism, which includes those related to aromatic degradation.
The genome sequence was analyzed in correlation with PAH metabolism which resulted in the identification of genes/ORFs 
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possibly involved in the pathway. We reselected 53 gene products by confirming expressed proteins in the proteome analysis (Table 4 ; see Table S1 in the supplemental material). Most enzymes found previously to be involved in pyrene degradation in this strain were also identified during fluoranthene degradation. Particularly, the ORF gi:119954364 (NidA3), encoding the terminal ␣ subunit of a ring-hydroxylation oxygenase, was most highly expressed when total peptides were counted. This ␣ subunit, with its ␤ subunit (NidB3), has been expressed in Escherichia coli, and its fluoranthene oxidation activity has been characterized (28) . Surprisingly, the enzymes (PhtAaAbB) of the pht operon, hydroxylating phthalate to 3,4-dihydroxyphthalate, were increased after exposure of this strain to pyrene (29) but were not identified in the fluoranthene proteome. Among these 53 proteins shown in Table 4 , 9 were more than twofold upregulated. Besides NidA3, these upregulated proteins include another ring-hydroxylating oxygenase (gi:119954385/6), a cyclohexanone monooxygenase (gi:119956901), a putative oxygenase reductase component (gi:119955443), a dihydrodiol dehydrogenase (gi:119954383), a ring-cleavage dioxygenase (gi:1199 54312), and putative hydratase-aldolases (gi:119956196/1199 54395). Besides enzymes such as a hydrolase, a decarboxylase, enzymes involved in the ␤-ketoadipate pathway, catechol Omethyltransferase for detoxification, and epoxide hydrolase for production of trans-diols were also identified.
Identification of putative fluoranthene catabolic genes. The genome sequence was analyzed from the perspective of the fluoranthene degradation pathway in M. vanbaalenii PYR-1. Initially, we determined the genes/ORFs in the pool potentially involved in aromatic hydrocarbon metabolism, which are scattered throughout several gene clusters in the PYR-1 genome. They were further analyzed, and candidate genes/ORFs that could be important and function in the fluoranthene pathway were selected based on gene/protein information; direct functional evidence from this strain, phylogenetic relationships to previously known proteins, genetic organization/context, and expression in the proteome to provide supportive evidence. Information on enzymes functionally identical to those in the pathway, which have been identified in other organisms, such as genes (dbfA1A2) for enzymes in the angular dioxygenation of dibenzofuran in Terrabacter sp. strain DBF 63 (11), were particularly useful. As shown in Table 4 , genes/ORFs were identified both in the genome and proteome, which were then correlated with respect to probable enzymatic roles in the fluoranthene degradation pathway.
DISCUSSION
In this study, we correlated the metabolite data with the results of the genomic and proteomic analyses to formulate a hypothesis for the degradation pathways of fluoranthene to tricarboxylic acid (TCA) cycle intermediates in M. vanbaalenii PYR-1.
The results presented in this article provide information on the salient features of the fluoranthene degradation pathway in M. vanbaalenii PYR-1 that include the following: (i) four metabolic routes initiated by mono-and dioxygenation reactions for fluoranthene degradation; (ii) evidence of a C-7,8 dioxygenation route proceeding via extra-and intradiol ring cleavages; (iii) the link between C-1,2 and C-2,3 dioxygenation routes and later steps via fluorene-type metabolites and the connection between the C-7,8 route and acenaphthylene-type metabolites; (v) the fact that all routes channel into phthalate and then go through the ␤-ketoadipate pathway, with the exception of the detoxification reactions, which form O-methylated derivatives as dead-end products; (vi) identification of 53 genes/ORFs as potentially involved in the pathway of fluoranthene degradation; and (vii) the fact that most enzymes used in the pyrene degradation were also identified in the fluoranthene-induced cultures.
The C-2,3 dioxygenation pathway appears to be the preferential choice of M. vanbaalenii PYR-1. As shown in Fig. 4 , the whole pathway consists of 18 steps. Among nine upregulated proteins identified in the proteome, five proteins, that include ring-hydroxylating oxygenases, dihydrodiol dehydrogenase, and ring cleavage dioxygenase, were shown to be associated with this route (Fig. 4) . In M. vanbaalenii PYR-1, the metabolite (9E)-9-carboxymethylenefluorene-1-carboxylic acid (VI) is produced from the dehydrogenation of fluoranthene 2,3-dihydrodiol (II) and subsequent intradiol ring cleavage of 2,3- dihydoxyfluoranthene (V). The intradiol ring cleavage product is further transformed to 9-fluorenone-1-carboxylic acid (XI). The same sequence of reactions was also reported in Mycobacterium sp. strain KR20 (47) . However, in Mycobacterium sp. strains AP1, CP1, CP2, CFt2, and CFt6, (9E)-9-carboxymethylenefluorene-1-carboxylic acid (VI) was suggested to be a dead-end product in fluoranthene metabolism (37, 38) .
In the previous study with strain PYR-1, the metabolites 9-hydroxyfluorene (IX), 9-fluorenone (X), and 9-hydroxy-1-fluorene-carboxylic acid (XII) were identified, with 9-fluorenone-1-carboxylic acid (XI) being considered as a precursor (26) . However, no further metabolism was confirmed, leaving a crucial gap in the proposed pathways (26) . In the present study, the identification of the metabolites 4-hydroxy-6-oxo-6H-benzo[c]chromene-7-carboxylic acid (XVIII) and 2-hydroxy-biphenyl-2Ј-carboxylic acid (XVII) suggests angular dioxygenation followed by subsequent five-member ring cleavage for the further metabolism of 9-fluorenone-1-carboxylic acid (XI) and 9-fluorenone (X), to give substituted biphenyls, similar to a previous report on Mycobacterium sp. strain AP1 (38) . The formation of 4-hydroxy-6-oxo-6H-benzo[c]chromene-7-carboxylic acid (XVIII) is thought to be the result of reversible dehydration of 2Ј,3Ј-dihydroxybiphenyl-2,3-dicarboxylic acid (8) , and 2-hydroxy-biphenyl-2Ј-carboxylic acid (XVII) can be formed by reductive dehydroxylation of 2Ј,3Ј-dihydroxybiphenyl-2-carboxylic acid (Fig. 2) . As shown in Table 4 , two oxygenases for ring hydroxylation, gi:119954372/3 and gi:119954378/ 9, identified in the proteome of this strain, showed weak similarity with DbfA1, an angular dioxygenase from Terrabacter sp. strain DBF63 (11) . Whereas the carboxyl substitution at C-1 of 9-fluorenone was reported to prevent angular dioxygenation in Pseudomonas sp. strain F274 (9) , this type of dioxygenation was demonstrated in strains of Mycobacterium (1, 2, 16, 25, 36, 47, 59, 60) . Metabolic evidence acquired in this investigation with M. vanbaalenii PYR-1 (Fig. 2) suggests that the two ringhydroxylating oxygenases might produce an angular attack on 9-fluorenone-1-carboxylic acid (XI).
Phthalate (XXVI) is one of the main fluoranthene central metabolites, which connect and converge branches in the fluoranthene pathway (Fig. 2) . Previously, the strain was shown to degrade phthalate with the production of 3,4-dihydroxyphthalate (53) . Figure 4A shows that phthalate would be further degraded to TCA cycle intermediates via the ␤-ketoadipate pathway. These enzymes were detected in the proteome analysis.
The C-1,2 dioxygenation route via extradiol ring-cleavage generally produces the central metabolite 9-fluorenone-1-carboxylic acid (XI) in Mycobacterium sp. strain AP1, P. alcaligenes PA-10, Sphingomonas sp. strain LB126, and strain PYR-1 (7, 26, 38, 58) . We also detected 9-fluorenone-1-carboxylic acid (XI) in the culture supernatant in strain PYR-1, suggesting C-1,2 dioxygenation. This was further supported by the identification of four fluoranthene dihydrodiol isomers whose cis/trans stereochemistry is unknown. The mass spectral data suggest that one of four isomers might be 1,2-dihydrodiol fluoranthene, indicating the presence of a C-1,2 dioxygenation route. This route can be linked to the C-2,3 dioxygenation route via 9-fluorenone-1-carboxylic acid (XI).
The 7,8-dioxygenation route with the detection of ring cleavage products was initially proposed for the degradation of fluoranthene in both M. vanbaalenii PYR-1 (26) and A. denitrificans WW1 (62) . The formation of 8-hydroxy-7-methoxyfluoranthene by catechol-O-methyltransferase was also reported in strain PYR-1 (26) . Since then, additional metabolites have been identified in other degraders (38, 54) , proving the productive extradiol ring cleavage pathway for further degradation of 7,8-dihydroxyfluoranthene (V). In the genome analysis, the putative cyclohexanone monooxygenase (gi:119956901) and the putative hydrolase (gi:119955392) were found to have 33% and 67% identities with those identified functionally from P. fluorescens ACB (20) and Acinetobacter calcoaceticus F46 (15), respectively. The expression of a protein (gi:119956901) with putative cyclohexanone monooxygenase activity was confirmed in the proteome with almost a fourfold upregulation (Table 4) , but there was no expression of the hydrolase (gi:119955392). This suggests that an enzymatic Baeyer-Villiger reaction (19) is involved in converting acenaphthenone to 1H,3H-benzo[de]isochromene-1-one (XIX), which is followed by further spontaneous ring cleavage, giving 8-(hydroxymethyl)-1-naphthoic acid. The latter might join into the fluoranthene pathway central metabolite, naphthalene-1,8-dicarboxylic acid (XXIII), which is degraded via 1,2,3-benzenetricarboxylic acid (XXV), as discussed by López et al. (38) . We confirmed the pathway by conducting replacement culture experiments by comparing metabolites formed from the structurally related PAHs acenaphthylene and acenaphthene (Table 2) .
In addition to the extradiol ring-cleavage of 7,8-dihydroxyfluoranthene (V), the identification of 2-hydroxymethylacenaphthylene-1-carboxylic acid (XIV) followed by 2-formylacenaphthylene-1-carboxylic acid (XV) indicates that 7,8-dihydroxyfluoranthene (V) can also be degraded by removing a C 2 unit via intradiol ring cleavage of 7,8-dihydroxyfluoranthene (V). The acenaphthylene 1,2-dihydrodiol ( Fig. 2 and Table 2 ) is accounted for by additional actions of a ring-hydroxylating oxygenase on the benzylic methyne groups of the naphthenoaromatic metabolites (29, 51) . The C-7,8 dioxygenation of fluoranthene followed by intradiol ring cleavage giving acenaphthylene-type metabolites would proceed into the ␤-ketoadipate pathway via 1,2,3-benzenetricarboxylic acid (XXV) (38, 54) .
The formation of three monohydroxyfluoranthenes (I) can be accounted for by biological monooxygenation by cytochromes P450, ring-hydroxylating oxygenases, and chemical dehydration of cis-or trans-dihydrodiols (14, 24) . Recent studies of M. vanbaalenii PYR-1 have provided direct biochemical evidence that cytochromes P450 are responsible for monooxygenation of PAHs, including fluoranthene (3). Six cytochrome P450 genes, including CYP51, are listed as candidates that are likely to function in this step (Table 4) . A putative epoxide hydrolase, gi:119954360, was also identified in the proteome, although it was not shown to be upregulated as in the pyrene-treated proteome (29) . Previous studies reported the functions of a constitutive catechol-O-methyltransferase and quinone reductase(s) for the detoxification of PAH catechols derived from PAH degradation (30, 32, 44) . The current proteome analysis also identified a putative catechol-O-methyltransferase, gi:119957073, in both control and fluoranthene-treated PYR-1, consistent with the metabolic evidence. The metabolites, 8-hydroxy-7-methoxyfluoranthene (III), 2-(methoxymethyl)-acenaphthylene-1-carboxylic acid (XIII), and other previously reported methylated PAHs (22, 40) , suggest that the transferase has a broad range of substrate specificity. Acenaphthoquinone (XXII) can be either reduced by quinone reductase to 1,2-dihydroxyacenaphthylene (Table 2) or cleaved spontaneously to naphthalene-1,8-dicarboxylic acid (XXIII), resulting in the depletion of a toxic metabolite. Proteins KatG (gi:119957004) and AhpCF (gi:119957892), which detoxify peroxides generated during PAH degradation, were also identified in the proteome (Table  S1 ) (4, 61) .
There are several steps of ring cleavage in the fluoranthene degradation pathway (Fig. 2) (Table 4) . PhdI is previously reported to have a substrate preference towards 1-hydroxy-2-naphthoate (18) . Since 1-hydroxy-2-naphthoate has a carboxylate group in place of the second hydroxyl group, gi:119954312 appears to perform the ring cleavage of catecholic compounds, but the mode of ring cleavage is unknown (57) .
In M. vanbaalenii PYR-1, the enzyme pool involved in PAH degradation is affected by changes in PAH substrates, as has been evidenced with pyrene (29) . Since some of the reactions and metabolic products in fluoranthene degradation are either constituents of the pyrene pathway or compounds directly connected to this pathway, it is reasonable for M. vanbaalenii PYR-1 to share enzymes and reactions of the fluoranthene pathway with pyrene metabolism. As shown in Table 4 , most enzymes identified in the pyrene-induced proteome were also expressed in the fluoranthene-induced cells. However, the extent of expression was different, as in the upregulation of the NidA3 protein. NidA3 is not upregulated in the pyrene-induced cells (29) .
In conclusion, an integrated omics approach using metabolomic, genomic, and whole-cell proteomic analyses was undertaken to elucidate the fluoranthene metabolism in M. vanbaalenii PYR-1. The strain operates multiple pathways for fluoranthene degradation. Many genome-predicted proteins were identified, and more detailed roles were suggested with respect to the degradation of fluoranthene. Results in this study establish a basis for the understanding of dynamic aspects of cellular processes involved in the degradation of the various PAHs. Further functional genomics and protein biochemistry research will be launched to obtain evidence of enzyme mechanism and decisive proof of the proposed fluoranthene pathway using deletion mutant experiments, protein functional analysis, and a DNA microarray of the genes involved in PAH degradation.
